Abstract-Both straight and curved waveguides are written in a variety of silicate glasses using near-IR femtosecond laser pulses. Writing parameters are identified that produce waveguides that support only a single mode and yield smooth-mode profiles. The laser pulse-induced refractive index change is reconstructed from near-field mode profile data using the scalar wave equation and by refractive near-field profiling. Waveguide propagation losses are determined by throughput and Fabry-Pérot resonator measurements. Both coarse and fine period gratings are written and characterized, and the thermal stability of these gratings is investigated. The utility of the femtosecond writing technique is demonstrated by fabricating an optical interleaver.
I. INTRODUCTION
T HE USE OF femtosecond laser pulses to directly induce refractive index changes in transparent dielectric materials is a new and attractive technique to fabricate active and passive integrated optics devices in glass. Passive optical waveguides [1] , [2] , -junction splitters [3] , -couplers [4] , long-period gratings [5] , holograpic gratings [6] , birefringent structures [7] , rare earth-doped waveguide amplifiers [8] , and an optical interleaver [9] have all been recently demonstrated. The use of femtosecond laser-pulse writing is of great interest since this technique, unlike the continuous-wave (CW) or quasi-CW UV exposure methods that are widely used for fibers, is not limited to UV photosensitive glasses. Waveguides have been written in a variety of glass types, including low phonon hosts such as fluorides and highly nonlinear glasses such as chalcogenides [2] . In addition, by appropriately choosing the wavelength of the femtosecond laser, large penetration depths can be achieved. This permits the formation of truly three-dimensional structures [4] , [10] , [11] rather than simple near-surface planar devices.
Although laser-induced breakdown and damage in transparent materials are well researched subjects, the mechanism that leads to the refractive index changes is not completely understood [12] - [15] . Furthermore, the mechanism may depend on the repetition rate employed for the writing process. From a device perspective, this technology is still in its early stages. In particular, fabricated waveguides have yet to be fully characterized either in terms of their propagation losses or the induced refractive-index structures that are responsible for waveguide formation. Waveguide loss is one of the most important parameters in practice, and the loss at a wavelength of 1.55 m is of particular interest for photonics devices that support the optical telecommunications market.
In this paper, we present refractive index profiles of directly written waveguides determined indirectly from measured mode field data and directly from refractive near-field profiling. Propagation loss data are also determined using both throughput and waveguide Fabry-Pérot resonator measurements. We report directly written gratings with periods as short as 2 m, and we study the thermal stability of 10 m period gratings. Finally, a fully functional optical interleaver, directly written in fused silica, is described and characterized.
II. DEVICE FABRICATION
Several glasses were investigated in this work, including fused silica, sodium-alumino-borosilicate, Nd-doped sodiumalumino-borosilicate, BK7, and a commercial Nd-doped silicate laser rod. Most of the devices reported in this paper were written using a Clark-MXR laser system that delivers 150 fs pulses at 775 nm with a 1-KHz repetition rate. We chose, however, to run the system at a 250-Hz repetition rate for the work reported here. Pulse energies in the range of few J's were used for writing, although energies up to the 1 mJ range were available from the laser. The waveguide shown in Fig. 8 was written using a Ti:sapphire laser system, generating 120-fs pulses at 790 nm, with a repetition rate of 238 KHz. The gratings and the waveguide shown in Fig. 8 were written with the laser beam incident upon the top surface of the substrate. The spot was focused inside the substrate using a lens, and the writing was done by translating the substrate in a direction orthogonal to that of the propagating beam. Several straight waveguides were also written with the laser beam incident upon the end of the substrate. In this configuration, the spot was focused inside the sample using a lens and the writing was done by translating the lens along the direction of the propagating beam. Both of these writing geometries, referred to as transverse writing (TW) and longitudinal writing (LW), respectively, are illustrated in Fig. 1 same path [8] . The waveguides were written to within several hundred microns of the end faces of the substrate when using the LW geometry in order to avoid dielectric breakdown at the substrate-air interface. The ends of the substrate were then polished down to meet the waveguides. From a practical perspective, it is desirable to use a high repetition rate laser system and the TW geometry, since the former permits rapid device writing, while the latter makes it easier to write curved structures. Circularly symmetrical waveguides, however, are more easily obtained using the LW geometry. We have found it useful to characterize the writing parameters according to the following four criteria: - 
III. NEAR-FIELD MODE ANALYSIS
Near-field mode profiles were obtained by imaging the end of the waveguide onto a CCD array using a microscope objective. The nonlinear response of the CCD array was carefully calibrated at all wavelengths at which mode profiles were measured, and the effective CCD pixel size was also determined. A typical mode profile of a good-quality waveguide written in the LW, LRR, HE, SS regime is shown in Fig. 2 . This profile was obtained for a waveguide written in the Nd-doped sodium-alumino-borosilicate glass using a focusing lens with a 25-mm focal length (beam size in front of lens is 7.0 mm FWHM intensity), 2 J per pulse, a scan speed of 200 m/s and ten scan repetitions.
By examining near-field mode profiles, we were able to determine conditions that yielded smooth single-mode high-throughput waveguides in the glasses under investigation. The near-field mode profiles can be quite sensitive to the writing parameters, as illustrated in Fig. 3 . Note that for this glass the mode takes on a very complex structure at writing pulse energies greater than approximately 4 J, and it is very weakly confined at pulse energies below approximately 1 J. The mode profiles were also used to investigate the effect of weak thermal annealing on the waveguides written in a Nd-doped silicate glass laser rod and in BK7. In the case of the silicate laser rod (3 J/pulse, 25-m/s scan speed, five scans, a 25-mm focal length lens with a intensity diameter of 3.6 mm before the lens), weak thermal annealing at approximately 140 C for 50 min did not alter the shape of the mode profiles but increased the full-width intensity by 15% to 25% without improving the waveguide throughput. Weak annealing at 150 C for 60 min of waveguides written in BK7 did not improve the throughput nor did it alter the mode profile. This observation is consistent with the fact that it takes more energy per pulse to write waveguides in BK7 than in the Nd-doped silicate laser glass. In the BK7 glass, the mode profile size started to change only after an additional two annealing steps. The first anneal was performed at approximately 200 C for 60 min followed by a second 60 min anneal at approximately 260 C. Some of the more weakly guiding waveguides in the BK7 sample were completely erased after a third anneal at approximately 300 C for 60 min. The annealing temperatures discussed previously and elsewhere in this paper were chosen somewhat arbitrarily. We also note that it is difficult to write high-quality waveguides in BK7.
IV. REFRACTIVE INDEX PROFILE RECONSTRUCTION
Using the measured near-field mode profile data, we have determined the refractive index profile by inverting the scalar-wave equation [16] . The refractive-index profile is given by (1) where is the free-space wavenumber, is the substrate refractive index, is the effective index of the guided mode, and is the mode intensity profile as a function of the transverse coordinates. Equation (1) can be evaluated numerically using a finite difference approach.
Due to the second-order derivatives involved in (1), obtaining accurate refractive index profiles requires excellent mode profile data that is very precisely focused on the image collector (a CCD array) and is very low noise. We used extensive averaging in order to obtain good-quality images, and the averaged image was subsequently filtered using a low-pass filter with transfer function
. The inversion procedure was tested on a Corning SMF-28 fiber, which has an 8.3 m core diameter, a step-index profile with an index step of 0.0055 and a cladding refractive index of approximately1.53. The near-field single-mode profile (an average of 25 images) of this fiber is shown in Fig. 4 . The mode has a full-width intensity diameter of 9.5 m. This data was collected at a wavelength of 980 nm by imaging the end of the waveguide onto a CCD array using a 60 microscope objective. The objective lens was placed approximately one focal length behind the end of the waveguide, and the magnification of this imaging system was computed to be approximately 224. The fiber was quite short and due care was taken to only excite the fundamental mode. As can be seen in Fig. 5 , the recovered index profile is also step-index, with a intensity diameter of about 9 m and an index step size of about 0.0060. These values are in very good agreement with the manufacturer's specifications. We note, however, that we were not able to recover the narrow dip in the center of the refractive index profile which is characteristic of SMF-28 fiber. The "wings" that appear outside of the main step of the recovered profile are an artifact of the low-pass filtering operation. This fact was verified by applying the inversion procedure to the analytic expression for the intensity of the mode of a weakly guiding, round, step-index optical fiber given by [17] (2) where core radius; refractive index of the core; refractive index of the cladding; Bessel function of the first kind of order ; modified Bessel function of the second kind of order ; vacuum wavelength. The mode-dispersion relationship is given by The inversion technique was subsequently applied to one of the Nd-doped silicate glass waveguides mentioned earlier. A plot of a the near-field mode profile at 632.8 nm is shown in Fig. 6 . The waveguide corresponding to Fig. 6 was written with 3-J pulses using the Clark-MXR system described earlier. A focusing lens with a 25-mm focal length (laser beam diameter of 3.6 mm before the lens) was used, together with a scan speed of 25 m/s and five scans per waveguide. The writing step was followed by a weak 50 min thermal anneal at approximately 140 C as described earlier. The near-field mode profile was imaged onto a CCD array with a 43 microscope objective and 99 images were averaged. As seen in Fig. 6 , the waveguide mode is almost circular and has an full-width intensity diameter of 32 m. The reconstructed refractive-index profile is nearly step-index with a diameter of approximately 40 m, as shown in Fig. 7 . A closer inspection of the refractive index change reveals a step-like rise accompanied by an additional peak somewhat off-center. The peak-to-peak index difference is approximately 2 10 . Although a 40 m diameter, step-index waveguide with a of 0.0002 would have a number of about 4.8 and hence, should be multimode at 6328 nm, we were unable to excite higher order modes. One possible explanation for this observation is that the mode overlap between the launched pump and the higher order modes may have been poor.
A commercial refractive near-field (RNF) profilometer 1 was also used to examine some waveguides written in fused silica. The results are shown in Fig. 8 . The elliptical shape of the mode is due to the TW geometry used to write the waveguide. 1 Rinck elektronik, Jena, Germany (http://www.rinck-elektronik.de).
V. WAVEGUIDE PROPAGATION LOSSES
We measured propagation losses for directly written waveguides at two different wavelengths, 632.8 nm and 1560 nm. We did not, however, measure the same devices at both of these two wavelengths, and therefore we do not know the dependence of loss upon the wavelength.
The loss at 632.8 nm was evaluated by making throughput measurements on three different length straight waveguides all written under the same conditions in three separate but identical substrates. Due care was taken to assure that identical coupling conditions were achieved for each of three waveguides. The three different samples were mounted using the same optical setup and the back-reflection from the input face of each sample was centered on a fixed pinhole, thus assuring the same angular alignment for each sample. The waveguides were written in the same Nd-doped silicate laser glass rod mentioned earlier and with the same writing parameters as the ones for the waveguide illustrated in Fig. 6 . These waveguides, however, were not thermally annealed. The throughput data as a function of waveguide length is shown in Fig. 9 . The data corresponds to a propagation loss of about 1.35 dB/cm (0.31 cm ) and a coupling efficiency of about 44%. We estimate that our throughput measurements are in error by no more than 5% and thus, we deduce that the accuracy of our reported loss value is within 20% of the actual value. Similar measurements made on other sets of waveguides yielded points with considerable scatter about the straight line fit. We have, in fact, seen throughput variations as large as 25% under the same coupling conditions for waveguides written with the same parameters in the same sample. At the present time, we are unable to explain the origin of these variations. It is possible that even a small amount of mechanical wobble of the focusing lens during translation may contribute to the loss.
The loss at 1560 nm was measured using the simpler and more reliable Fabry-Pérot method [18] . A Fabry-Pérot cavity is constructed out of a single-mode waveguide together with its polished endfaces (or mirrors attached to the endfaces). The fraction of incident monochromatic light, which is transmitted through this cavity depends on the cavity losses and the cavity roundtrip phase delay . More precisely (5) (6) where , are the endface reflectivities, is the propagation loss in cm , is the length of the cavity in cm, is the wavelength of the monochromatic light, is the effective index of the guided mode, and is a constant that depends on the efficiency with which the light is launched into the cavity. It follows from (5) that is a periodic function of with period .
achieves its maximum value when and its minimum value , when . Equation (5) may be inverted to obtain the propagation loss in terms of and dB cm cm (7) where (8) is the fringe contrast, and and are the maxima and the minima of the transmitted light through the cavity as the phase is varied over an interval of at least . A significant advantage of the Fabry-Pérot loss measurement technique is that the calculation of the loss using (7) does not require knowledge of the coupling efficiency .
The phase may be varied by either temperature tuning the substrate, which will alter the refractive index of the glass and the waveguide length through expansion or contraction, or by tuning the wavelength of the monochromatic source. We experimented with both techniques but found that it was easier to implement wavelength tuning, since during temperature tuning the coupling conditions may change. As the wavelength is tuned over a range , the corresponding change in the roundtrip phase delay is given by (9) The result given by (5) assumes that the endfaces of the cavity are perpendicular to the waveguide. Any deviation from perpendicularity will induce additional losses in the cavity because the mode, upon reflection form an endface, will not be coupled with 100% efficiency back into the waveguide. Assuming that the waveguide mode has a Gaussian intensity profile of known size this additional loss can be quantified as a function of the angular deviation of the endfaces from perpendicularity [19] dB (10) where equals the vacuum wavelength of the mode, is the nominal refractive index of the waveguide, equals the full-width intensity of the gaussian mode, and equals the angular deviation (in radians) of the endface from perpendicularity with the waveguide. Thus, if endface perpendicularity is not perfectly achieved, then (7) gives an upper bound for the propagation loss rather than the propagation loss itself. We have been able to achieve perpendicularity to within approximately 0.2 .
Using measured-mode size data together with (10), we estimated that the additional loss due to nonperpendicularity should not contribute more than 0.2 dB/cm to the computed value of for samples of about 1 cm in length. Our measurements were performed using a single-frequency, linearly polarized, diode laser (Coherent model 2010M) with a 0.1-MHz linewidth. This laser could be manually wavelength tuned from 1530 nm to 1570 nm, and a fine tuning range of 30 GHz (e.g., 0.243 nm at 1560 nm) was accessible by means of a PZT-controlled drive mounted on one of the mirrors of the laser. The signal applied to the PZT drive was changed very slowly in order to insure that the movement of the mirror was smooth enough to produce a continuous change in the frequency of the lasing mode. Under these conditions, the roundtrip phase delay varied almost linearly in time resulting in a sinusoidal modulation of the light passing through the cavity as predicted by (5) . A 1560-nm isolator was needed to prevent any feedback into the single-frequency diode laser and a polarizer was used at the output of the waveguide in order to select only TM polarized light. All the measurements were done for TM polarization (i.e., polarized perpendicular to the top surface of the substrate). The detected signal from output of the waveguide was normalized with respect to the input signal from the laser source so that any input-power variations, due to the wavelength tuning, could be accounted for.
The Fabry-Pérot measurement technique was first tested and refined on ion-exchanged waveguides in glass. The waveguides were created by Ag -exchange in a commercially available glass and were cut and polished to a length of 2.06 cm. The waveguides were single-mode at 1560 nm. A typical trace of the light transmitted through the waveguide during wavelength tuning is shown in Fig. 10 . For the tuning range of 0.14 nm, the phase-shift at 1560 nm, as given by (9), will be , which means the output power of the waveguide will go through about 3.6 intensity fringes. This result is in agreement with the measured data shown in Fig. 10 . The device was used with bare endfaces and therefore, . The measured fringe contrast , was 0.0626 (6.3%), yielding an upper bound on the propagation loss of about 0.51 dB/cm (0.12 cm ), as given by (7) . This measured loss is typical of previously reported loss values for potassium ion exchanged waveguides.
In a similar fashion, the propagation loss of directly written waveguides in the Nd-doped sodium-alumino-borosilicate glass were measured. The data shown in Fig. 11 is for a 1.2-cm-long waveguide written with 6-J pulse energies, a 25-mm focal-length lens (beam size is 3.5 mm FWHM intensity), at a 200-m/s scan speed and ten scans. In order to improve the fringe contrast, a 95% reflector was attached to the output endface of the waveguide. The measured fringe contrast was 21.7%, yielding a propagation loss value (an upper bound) of 2.1 dB/cm (0.49 cm ). It was estimated that no more than 0.1 dB/cm of this loss could be attributed to the endfaces being nonperpendicular to the waveguide. Since the sample was rather short, some light from the source, not coupled into the waveguide, reached the detector. This background light added a fixed bias term to the denominator of (8) . Based on the collected data, this bias could account for 
VI. GRATING FABRICATION AND CHARACTERIZATION
In addition to waveguides, we have also fabricated gratings using near-IR femtosecond laser pulses. The beam was focused inside the sample and each grating line was drawn by scanning the focused laser beam through the sample in a direction perpendicular to the direction of propagation of the laser beam but parallel to the surface of the sample. The depth of each grating line is determined by the Rayleigh range of the focused laser beam and the threshold intensity of the writing process. The scan rate was 25 m/s and only a single scan was performed for each grating line. Gratings with a 10-m period were written in BK7 flats with pulse energies of either 2.5 J or 5 J and in fused silica with pulse energies of either 0.5 J, 1.0 J, 1.5 J, 2.5 J, or 5 J. A 15-mm focal-length focusing lens was used for BK7, and a 50 microscope objective was used for fused silica. The intensity diameter of the beam in front of the focusing lens/microscope objective was approximately 7 mm. A phase-contrast microscope image of a 10-m period grating written into fused silica is shown in Fig. 12 . Also, a 2-m period grating was written in fused silica using a pulse energy of 1 J and a 20 microscope objective as the focusing lens.
We evaluated the quality of the written gratings by measuring their diffraction efficiencies into the first order using unpolarized normally incident light at a wavelength of 632.8 nm. Diffraction efficiencies (i.e., sum of the power in 1 and 1 orders divided by the incident power) of up to 24% were observed in BK7 in the case of the 10-m period gratings. The 2-m period grating in fused silica had a diffraction efficiency of only 0.02%. Similar structures with a period of 1 m have been reported elsewhere [7] , but they were viewed as induced microlayers and no diffraction-efficiency data was reported.
In fused silica, the relationship between diffraction efficiency and writing-pulse energy was studied and the results are shown in Fig. 13 for the 10-m period gratings. The fused silica gratings have shown a pronounced polarization dependence, with light polarized parallel to the grating lines being diffracted about four times more strongly than the light polarized perpendicular to the grating lines. This observation is in agreement with earlier reports [7] of highly birefringent structures. However, we did not see this effect in the BK7 glass.
Thermal annealing studies were performed on the 10-m period gratings in both fused silica and BK7. The gratings were maintained at 170 C for approximately 50 h and at 250 C for an additional 130 h. As illustrated in Fig. 14 , the diffraction efficiency for the grating fabricated in BK7 exhibits a slight dip when the anneal temperature is raised to 250 C, while the diffraction efficiency of the grating made in fused silica remains relatively constant.
VII. OPTICAL INTERLEAVER
In order to illustrate the capabilites of the direct-write technology, a fully functional integrated optic interleaver was written in fused silica [9] , using a LRR laser system. 2 A schematic diagram of the device is shown in Fig. 15 . It consists of an unequal path-length Mach-Zehnder interferometer constructed using two 3-dB couplers. The path-length difference between the two arms is approximately 0.6 mm, which corresponds to a channel spacing of nominally 0.7 nm at a wavelength of 778 nm. The writing was done in the LRR regime. The interleaver was characterized using a broadband source centered around 776 nm. The output spectrum from a single arm of this device is shown in Fig. 16 . The channel spacing can be observed to be approximately 0.75 nm. Femtosecond laser pulses can also be used to "trim" the optical path length of integrated optical devices such as interleavers, which operate on interferometric principles. We were able to tune the channel positions of a commercially produced optical interleaver by trimming one of the arms of the Mach-Zehnder interferometer with femtosecond laser pulses while monitoring, in realtime, the spectrum of the device output [9] . Fig. 17 illustrates how the device's spectral response was altered by this trimming process.
VIII. CONCLUSION
Straight and curved waveguides have been written in BK7, fused silica, sodium-alumino-borosilicate, Nd-doped sodium-alumino-borosilicate, and a Nd-doped silicate laser glass. Writing parameters were identified that produced smooth single-mode high-throughput waveguides. The induced refractive-index profiles were recovered from near-field mode profiles by inverting the scalar-wave equation and by using refractive near-field profiling. Propagation losses were measured using both throughput measurements and a Fabry-Pérot resonator technique. The losses were found to be in the range 1.3 to 2.5 dB/cm for directly written straight waveguides. The sodium-alumino-borosilicate glass samples that we had for this work were of poor quality. Bulk striations were easily seen by the naked eye in the glass. Although great care was taken to avoid the obviously bad regions, one can not be sure of the actual quality of the medium in which the waveguides were written. We are optimistic that with the proper glass under the proper writing conditions, these losses can be reduced. Gratings with 10-m and 2-m periods were also fabricated and shown to be thermally stable. Finally, an optical interleaver was demonstrated, which illustrates that the direct-write method can be used to fabricate complex integrated optical devices.
